Using ab initio calculations, we describe how the smallest silicon nanotubes of (2,2) and (3,0) chiral symmetries are stabilized by the axially placed metal atoms, to form nearly one-dimensional structures with substantial cohesive energy, mechanical stiffness, and metallic density of electronic states. Their further reconstructions lead to thicker and shorter wires, while relative stability can be viewed in a binary field diagram of M x Si 1−x , and depends on chemical potentials of the components. A comparison with recent epitaxial-growth experiments reveals the equivalence of the (2,2) endohedral nanotubes with the thinnest possible experimental wires. The long-standing interest in fine hairlike crystalswhiskers-has shifted over the last decade towards yet thinner filaments, nanotubes (NT) and nanowires (NW). This is largely due to their electronic properties and the advances in synthetic methods, both driven by further device miniaturization for nano and molecular electronics.
Pure SiNT of zigzag (3,0) and armchair (2,2) types were unstable in our calculations but both could be underpinned by M atoms inserted along NT's axis. In the (3,0) case, M atoms were placed between consecutive zigzag motif rings.
For the (2,2) SiNT, M atoms were put at the centers of every other Si rectangle, as shown in Fig. 1 . Consequently, we used in our PBC calculations unit cells with stoichiometry M 2 Si 12 and MSi 8 , for the (3,0) and (2,2) SiNT, respectively. Convergence was achieved by employing between 116 and 178 k points.
The optimized geometries of Fig. 1 (left), where M = Zr, demonstrate that the reinforcement by internal M-Si bonding stabilizes both zigzag and armchair SiNT topologies. Both possess large E c values of 4.34 eV for the (3,0) and 4.26 eV for (2,2) Zr@SiNT, and stiffness around 200 GPa (see below). We explored other M choices, such as the 3d elements Sc, Ti, Cr, Fe, and Ni, and the alkaline earth Be and Ca. The performed optimizations indicated that the (3,0) and (2,2) SiNT cages can be stabilized with M from different groups of the Periodic Table. The E c values (Table I) show a slight increase with the group number. As the M's elemental radii decreases with the group number, 19 the relaxed M-Si bonds get shorter. E.g., in the (2,2) series there is a 7% bond-length decrease, from l CauSi = 2.92 Å to l TiuSi = 2.72 Å. This bonding effect appears as a limiting factor for the M choices, as l MuSi can become too short to stabilize the SiNT cage. Calculations identify Cr and Ti as the limiting 3d metals for the (2,2) and (3,0) series, respectively.
To ensure that stability is retained at finite length as well, we considered the termination caps shown in Fig. 1 (right) . For the (3,0), an additional Si atom was placed on the axis to reduce the number of dangling bonds. For the (2,2) no additional atoms were needed, as the end atoms reconstruct naturally to form a square cap. Computations performed for clus- ters Zr 3 Si 28 for armchair and Zr 4 Si 32 for zigzag lead to stable configurations, with large E c 's of 4.09 and 4.12 eV, and highest-occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) gaps of 0.95 and 0.60 eV, respectively. Thus, both NT types are stable not only as infinite tubes, but also can sustain the intrinsic strain (surface tension) associated with the tip ends.
To thoroughly investigate the configurational vicinity of our M@SINTs, other nearly 1D structures were considered. Starting from the (3,0) and (2,2) structures, Fig. 2(a) sketches the lattice changes that lead, through DFT optimizations, to the new 1D stable structures shown in Fig. 2(b) . For the (3,0) M@SiNT, the three hexagons were transformed into six surface rectangles. Analogous to the hexagon-lattice wrapping indexing, we label this tube as [6, 0] , where the square brackets stand for rectangular surface units. Further, we noticed that a half-period axial shift of the M chain leads to a previously proposed 1D structure, 20 confirmed here as stable and labeled ͓6,0͔Ј. For the (2,2) shell, the alternative longitudinal shifts of the zigzag motifs accompanied by the bonding of Si atoms 2 and 5 in Fig. 2 (a), lead to a [4, 4] NT. Next, the hexagonal wall pattern can be regained in the (4,0) zigzag orientation through alternating circumferential shifts.
The E c values for all wires, stabilized with different M choices, are plotted in Fig. 3 as a function of optimized unit cell lengths l. Clearly, the (2,2) and (3,0) NTs emerge as the longest [or thinnest (of smallest diameter d)] NTs within their stoichiometric families. When compared with reconstructed NTs, the energy differences appear notably low, in spite of an obviously larger energy contribution of specific surface, which scales as ͱ l or 1 / d, and therefore favors shorter and thicker types (and ultimately of course favors bulk material over any filaments). For instance, for M = Zr we obtained that the [6,0] structure is by 12% shorter than (3,0) NT, but its E c is only 1% larger. By separately computing the energies of the Si and Zr subsystems we could divide this energy difference into separate contributions over the whole Zr 2 Si 12 unit cell. While the binding strengthens within both the Si cage (by 2.3 eV) and internal Zr chain (by 1.3 eV, as l ZruZr shrinks from 2.94 to 2.59 Å, the embedding of the Zr chain into the Si cage (a measure of Zru Si binding) decreases from 15.6 to 12.8 eV. Next, along this family we found that the internal M-chain shift by half period into ͓6,0͔Ј is unfavorable, and E c decreases to 4.16 eV for M = Zr. Turning now to the (2,2) M@SiNT, the transformation into [4, 4] is uphill, in spite of 12% length shrinkage; further, (4,0) M@SiNT is the lowest in energy for all considered metals, but it is 19% shorter than the initial (2,2). We have attempted other transformation possibilities besides the ones shown in Fig. 2 , which did not, however, lead to stable Fig. 2(a) ] of the (2,2) cage could lead to a [4,0] M@SiNT; our calculations proved it unstable, as also suggested by cluster analysis. 21 Considering the length-changing transformations of Fig.  3 , one can conjecture if they could be induced by applied force F. For example, to evaluate the tension required for the ͓6,0͔ → ͑3,0͒ transformation, we calculated the energy versus elastic elongation curves. We obtained that both [6, 0] and (3,0) Zr@SiNT are quite stiff, with the Young's moduli of 220 and 160 GPa, respectively (assuming cross-sectional areas as 41 and 38 Å 2 , to include Si radii). Thermodynamically, the transformation occurs at critical force F t when the enthalpies H = E − Fl of the two NTs are equal. The tension estimate F t = ␦E / ␦l (where ␦E = 0.79 eV and ␦l = 0.71 Å are the energy and unit-cell length differences between the stress-free phases 16 ) yields 1.1 eV/ Å, which corresponds to a small 2% strain, suggesting that such transition is viable.
While primarily focused on structural stability, our calculations also provided the M@SiNT electronic characterization. Taking into account 128 k points, Fig. 4 presents the band structure and the DOS of (3,0) Zr@SiNT. The DOS shows a series of van Hove peaks and maintains a nonzero value at the Fermi level E F = −5.54 eV due the contribution of four electronic bands. Further insight is gained by separately analyzing the projection of the total DOS on the metal chain and SiNT structure. One notices a dominant contribution at E F from the silicon shell, which explains the metallic character of all other M@SiNT including for M = Cr (an indirect low band-gap semiconductor in the CrSi 2 bulk form). DOS analysis for (2,2) Zr@SiNT revealed similar metallic behavior at E F = −5.24 eV. The possibility of Peierls distortion and a small gap opening is not excluded by this analysis.
For a broader perspective, MSi 6 and MSi 8 structures discussed above might be compared with previously reported Zr@Si 16 [E c = 4.16 eV (Ref. 
͑1͒
where the E c term neglects thermal contribution for the solid phase. Accordingly, Fig. 5 plots the E c 's of all nanostructures, along with the values for the bulk Si, Zr, and disilicide After establishing the thermodynamic advantage of the proposed M@SiNTs, a connection can be made with experiment. At a first glance, M@SiNT have stoichiometries (x =1/7 and x =1/9) very different from disilicide ͑x =1/3͒ or the disilicide nanowires 9,10 synthesized recently by controlled deposition. 8 As wires become thinner, their formal composition M x Si 1−x changes towards Si (merely due to Si termination of the exterior). Structurally, Fig. 6 shows a schematic for such Sc-silicide nanowire with x =1/5 grown in the [110] direction on Si substrate. The wire's top surface exhibits usual dimerization. Notably, the framed portion has exact x =1/9 Sc fraction and, if lifted off, would make exactly a freestanding (2,2) Sc@SiNT (upper right). (Similarly, the (3,0) Sc@SiNT can be viewed as a cut from a hexagonal silicide nanowire grown in perpendicular ͓110͔ direction.) Formally, it shows identity of the introduced here "metalendohedral nanotubes" with thinnest silicide wires, likely precursors of experimentally observed thicker types. Further, although the synthesis process is nonequilibrium, a thermodynamic analysis is still instructive: to adjust to the M-depleted conditions, 10 the Zr value in Fig. 5 must be lowered. Under such steeper slope Zr gas − Si bulk , the (2,2) Zr@SiNT ͑ZrSi 8 ͒ appears as the most favorable nanowire.
[E.g., with Zr gas = −6.5 eV for ideal gas at T = 1200°C and p =10 −10 Torr, its ␦G͑1/9͒ = 0.57 eV.]
In summary, metal-endohedral silicon nanotubes M@SiNT are shown to be stable, yet structurally versatile. Within the stoichiometric families, armchair (2,2) and zigzag (3,0) are the thinnest structures. Unexpected morphological similarity with the thicker disilicide nanowires grown on substrate, makes these conducting filaments of ϳ0.3 nm radii the realistic miniaturization limit for Si-based electronic junctions.
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